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AN EMP IRICAL EQUATION FOR THE CO EFF ICIJ!iNT OF HEA'I TRA~JSFER 
TO A FLAT SURFACE FROM A PLANE HEkTED-AIR J~T 
DIRECTED TANGENTIALLY TO THE SURFACE 
By John Zerbe and James Selna 
SUMMkRY 
An inves ti gation of t~e heat tr ansfer to a surface from 
plane heated- air Jets d~s char ged tangenti~lly to the surf~ce 
was conducted to pro ride heat-transfer re lation ~ips required 
in the design of heate d-air jet installations for aircrAft 
windshield fog prevention . 
Experimental temp erature, velocity, and heat-transfer 
data were obtained by test s in which the initial jet tem-
perature and velocity were varied from 1010 to 156 0 F and 
from 52 to 218 feet pe r second, res pe ctive ly. The jets were 
produced by three nozzles of different depths: namely, 
0.102,0 . 313, and 0 . 54 7 inch. 
The resulting data were correlated to yield relqtion-
ships for the maximum profile jet velocities and temperatures, 
and the coefficients of heat transfer from the jet to the 
surface, in terms of the nozzle- exit jet velocity and tem-
perature and of the distance from t he apparent jet origin. 
The test results are presented in tabular form and the 
correlations of the data are illustr at ed graphically . 
INTRODUCT ION 
During an analyti cal inves tigation of the u~e of he~ted­
air jets to prevent fog formations on the inside surface of 
bullet-resisting windshields, it wa s found thqt the required 
heat-transfer data were not available; conceouently, the 
present investieation on the heat transfer to a s~rface f-om 
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a plane h e ated-air jet directed tangentially to the surf~ce 
(hereinafter designated as a surface jet) was undertaken. 
2 
The r a te of transfe r of heat from a surface jet to the 
surface at a point any distance from the nozzle eyit mqy be 
defined as eQuivalent to the product of a coef~icient of heat 
transfer and the difference between the maximum rro:ile te m-
per~ture in the jet and the temperature of the surface at 
that point. The coefficient of heat transfer is de p endent 
principally upor- the jet velocity and temperature. Eauations 
establishing th e rela t ions h ip between the jet velocity and 
the major jet parameters of unheated surface jets are avail-
a b le in re:erence 1 and theoretical temperature relationships 
for freely expanding h e ated jets are available in reference 
2. The application of this information to heated- surface 
jets has not been previously accomplished and there are no 
available expressions for the coeffic:ent of he a t transfer 
for surface jets . 
The purpose of the present investigation was to establish 
relations h ips generalizing the variation of velocity, te m-
perature, and coefficients of heat transfer in heated- sur:ace 
jets in order that a r ationa l approach to the use of heated-
air jets for f o g p event ion could be ID8de . 
The investigation included the eXFerimental ev a luation 
of the velocity , tempe r ature , and heat- transfer c h ~racter­
istics of heate cl--sur face je ts emerging fo('orr, nozzle s of three 
different configurations at several initiAl vel o city and 
temperature conditions . The resulting data ~re correl~ted 
in terms of the jet properties at the jet nozzle eyit ~nd the 
relationships developed a re generally applica b le to the h eat 
transfer from surface je t s to smooth flat supf a ces when t h e 
heat flow to the surface is comparable to tha t which prevRils 
in a plane he a ted- air jet installation for aircraft wi~ d­
shield fog prevention. 
This investig~tion was conducted as part of a ~ener a l 
stu dy of aircr a ft win dshield fog preventi o n wbich was un d er-
taken by the Ames Aeronautical Laboratory at the request of 
the Bureau of Aeronau tics, Navy Department. 
~ s"YMBOLS 
The symbols used in this report are defined as follows: 
c constant 
d surface jet-no3z1e depth, feet 
L 
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e 
h 
reference surface jet-nozzle depth (1/12 ft) 
distance from apparent jet origin to nozzle eyit 
(d/tan cx.), feet 
coefficient of heat transfer for surface jet, Btu per 
hour, SQuaTe foot. of 
thermal conductivity of Lucite plate, 3tu per hour , 
square foot. of per foot 
3 
k thermal conductivity of air, Btu per hour , sQu~re foot, 
of per foot 
L distance from nozzle exit to point under consideration, 
feet 
1 thick~ess of -ucite plate, feet 
p barometric pressure , inches of mercury 
q unit heat transfer through the lucite plate, Btu per 
hour, square foot 
T o_~ m maximum profile jet temperature at any distance x, " 
To jet temperature at nozzle exit, of 
o a~bient-air temperature , F 
T t temperature of top surface of Lucite plate, of 
9 0 
OF temperature of bottom surface of lucite plate, 
maximum profile jet temperature rise above ambient - air 
o 
temperature, at any distance x , F 
jet temperature at nozzle exit above ambient-air temnera-
ture, of 
U velocity at any point in the jet, feet per second 
Um maximum profile jet velocity at any distance x, feet per 
second 
Uo jet velocity at nozzle exit, feet per second 
x distance from appar ent Jet origin, feet 
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y 
Yr 
distance perpendicular to surf ~ ce, fee t 
distance perpendicular to surface where jet velocity 
is one-half Urn' feet 
Nusselt numb er 
Reynolds n'.lmber 
p density of air , slugs per cub i c foot 
a angle of expansion of surface jet , degrees 
IJ. a b sol ute vis cos i t :v 0 f air, p 0 u n d - sec 0 n d s per s quaT e 
foot 
EQUI?MENT AND TEST P~OC~DURE 
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The test equipment e mp loyed (fig. 1) cor.sisted of a 
surface jet nozzle discharging heated air over a Lucite 
plate (12 in . wide by 24 i n . lo ng by 1/4 in. thick) , which 
was mounted above an ice bath . Surf a ce-t ype thermocouples 
were installed on the upper an d lower surfaces of the lucite 
plate (fig . ?) at four st atio ns 5, 10, 15, and ;)'0 inches 
from the nozzle exit , t o measure t he tempe!'''lture drop' r:roug-h 
the plate. The thermal condu ctivit:y of tr.e nlqte (kt = 
0.125 Btu/hr, sa ft, of/ft) was determined experiment~lly 
and the plate was employed as a heat meter . 
Jet velocities and temperatures were mea~ured in a 
vertical plane extending t h rough the ler.~thw: e center line 
of the plate . These measurements were made wit~ a velo('ity-
temperature probe (fig . 1) containi ng a total and a st~tic 
pressure tube and a thermocouple probe. A micromanometer 
was employed to determine the jet velocities and the jet 
temperatures and Lucite- plate surf a ce temper~tures were 
indicated by a Brown, direct-reading, self-balancing 
pot en t i om e t e r . 
Tests were conducted with three surface jet nozzles 
(fig. 3) 0 . 547 , 0.313, and 0.102 inch deep at the nozzle 
exits herein designated as nozzles A, B, and C, respectively . 
Each nozzle was 1 2 inches wide. In order to insure uniform 
jet air flow , the nozzles were all designed to ha e the 
exit depth and width prevail for a length of at least 10 
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nozzle deptns before t he nozzle exit. Nozzle-exit jet tem-
peratures of approx~~ately 100 0 and 150 0 F togethFr w:t ~ 
nozzle-exit velocit ies ranging from 50 to 220 feet per second 
were employed durin~ the tests. Five to nine tests were con-
ducted with each nozzle. and during each test, measurements 
of the maximu~ profile velocity and temper ~ ture in the jet 
and of the heat tr a nsferred through the Lucite plate were 
obtained at each of the four instrumented stations. Velocity 
profiles were measured at each st~tion durin g several of the 
tests conducted with nozzle E. 
RESULTS AND DISCUSSION 
The results of the tests are presented in table I. 
T ~ e jet velocit ~ es given were calculated fro m the differen e 
between the total pressure in the jet and t~e ambient static 
pressure. The static-pressure measurements in the jet were 
not used in these calculations because the standard static 
tube employed erroneously recorded large ne~ ~ tive pressures. 
Other investigators (references 1 and 3) usin e simil a r 
equipment also found this to be true. However, when more 
refined equipment was employed, they found the correct static 
pressure in the jet to be approximately one-half percent of 
t h e dynamic pressure above ambient static pressure. Th e re-
fore, the error involved in using the ambient st ~ tic pres-
sure is negli~ible . The rate of heat transfer t h ~ough the 
Lucite plate and the coefficients of heat transfer were 
evalua ted by the relationships 
~ 
(Tt ~b) q = -- -~ 
and 
h 
q 
= -------Tm - T t 
A typical set of the velocity profile data obtained 
during the tests of nozzle B has been plotted nondimen-
sionally, U/Um as a function of Y/Y r , in figure 4. The 
curve drawn on this plot is from a similar plot ~iven in 
reference 1 for velocity profiles in an unhe a ted surface 
jet. Since the experimental points conform to t h e curve, 
it is evident that the jet temper q tures and t ~ e heat tr~ns­
fer from the jet had no measurable effect on the veloc :t ~ 
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profiles. Thus,:.t WB.S concluded that relat ionshius defin-
ing jet velocities in unheated surface jets could be apDlied 
e~ually well to heated surface Jets . Conce~nine the mq ximum 
p rofile velocities, reference 1 states that t t e ma y imum pro-
file velocity (Um)l at any point xl is relAted to the 
maximum profile v e locity (Um )2 a t any other point x 2 in 
t h e same jet by the relationship 
w her e x ( fig . 5) i s the d i " tan c e fro m the a p par en t .j e t 
origin to the point under consideration and may be defined 
as 
x = L + e ( 2 ) 
whe re 
d ( 3 ) e = ----
tan a. 
The an~ le a. is indicated from the data of referen ce 1 to 
be app ~o x im a tely 8i o and this value is in agree~ent wit h 
that observed durin g the present tests . Measuremen t s o f 
the maximu~ profile velocities for each nozzle s tow ed th at 
t h e init:'al velocity Uo was equal to Urn f ~ r a length 
o f appro x i~ately 4d from each nozzle exit. Thus, eQuation 
(1) may be written as follows : 
1 
( 
e + 4d 2 
= ----) 
x 
Th is relationship is compared to the teo t dqta 5n figure 6. 
The experimentB.l points conform to the curve (e(1u"ltion (4)) 
e + 4cl 
to a better degree at the higher values of -----. ".l.nd it 
x 
is probable th a t the relationship is not strictly v~li d ''It 
e + 4 d 
Low values of ------ are encountered 
x x low values of 
e + 4d 
at distances x which are large with res p ect to t h e Quantity 
e + 4d, a constant for any given nozzle de n th. Th e ma x i-
mum deviation of any of the pointR from the cur v e is loss 
t h an 30 percent. 
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Theoretical temperature data for freely exp~ndin~ vIane 
jets (reference 2) show that the maximum pro~i le jet ~e~­
p 0 r~tures above ambient-air temperature are pronortion~l to 
the maximum profile jet velocities. Thus the maximum pro-
file jet temperature data given in table I were plotted 
nondimensior.ally (9 /8 ) as a function of velocit~.- (u /u ) 
mOm 0 
in f igur e 7. The plot provides the rel ationship 
= 
The maximum deviation of any of the test points from equa-
tion (5) is less than 85 percent . Equation (5) assumes 
that the heat transfer to the surface has a negligible 
effect on the temperature in the jet . Th i s assumption is 
based on the fact that the heat transferred to the surface 
is very small in comparison with the heat content of the 
jet and its validity is amply ver i fied by figure 7. Further-
more, the heat flows obtained during the tests ~re com-
parable with thos e whi ch would prevail in a plane heated-
air jet installation for aircraft windshield fog prevention. 
The coefficient of heat transfer h is presumed to be 
defined from the theory of similarity of heat transfer(refer-
en ce 4) as 
where c is a constant for any given surface jet . By use 
of eauations ( 3) , (4 ) , and (6) a constant Cl may be defined 
for any surface jet as follows: If two surface jets with a 
common jet origin but of nozzle depths d and d l • re-
spectively, are operated so that at a distance Xl from the 
apparent jet origin each has the same maximum profile tem-
perature and maximum profile velocity , the velocity profiles 
at the point Xl will be the same for each jet and there-
fore tte coefficients of heat transfer for each jet at that 
point will be identical. Thus fr0m equation (6) 
( 7 ) 
The combination of eauation (7) with equatio ns (3) and (4) 
yieltis 
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c 
d n / 2 
= 
8 
Cl 
~-riJ2 
and eQu a t ion (6) may 1j-e wr it t en in t erm~ of Cl and d 1 a~ 
Values of 
hx 
k 
hx/k 
= cl ( 8 ) 
have been evalu~ted 
in table I ~sing a value of l/l ? foot for c 1 , this v alu e 
being defined as dr' ~ogarithmi c plots of hx/~ as a 
(
uoxp\. (_d)2 function ofl 
1.1. ) dr 
for each nozzle tested as well 
as a compa r ison of these plots are pre sent ed in figure 8 . 
The maximum deviation of any of the test points from the 
mean curve for any of the plots is less t han 20 percent. 
The curve s of figure 8 all have a slope of 0 . 65 ; thus 
n = 0 . 65 for all the jet nozzl es tested. The plots for 
nozzles A and B sho w Cl to be 0 .1 6 , while that for nozzle 
C yields a value of cl of 0. 2 1. It is probable t h"lt the 
value of 0 .1 6 i s more reliable, f or "lS pointed out with re-
gard to the veloci ties, the expressions deve loped herein may 
not be strictly valid at low v a lu e s of 
e + 4d 
~nd a ll t he 
data for nozzle C were taken at low v a lues of 
e + 4d ( See 
fig . 6.) Also, the v a lues of d may chan?e sli~htly uring 
actual test ope ration, and any ch ange in d would affect 
J. 
the value of (d/dr ) 2 for nozzle C by a gre~ter amount 
than it would for the other nozzles. Furthermore, little 
consideration need be eiven to the d a ta of nozzle C sinc e 
nozzles of such a smali depth (d = 0.102 in.) would ~ave 
little prac t ica l use . Thus, the equation reco~~er.ded for 
the evaluation of t h e coefficient of heat transfer for sur-
face jets is 
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hx 
= 0 .16 ( 9 ) 
k 
where d r is equal to 1/1 2 foot. 
Ames Aeronautical Lab or atory , 
i a t:ona1 Advisory Committee for Aeronautics , 
Moffett F ield, Calif., Februar y 14, 1946. 
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---
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----
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17 1a 1Cl 2(: ~l ~J 
30.0 30.0 30.0 30.0 30.0 30.0 I 
71 ·79 78 80 ft2 77 
105 110 107 156 11.5 147 
148 16, 210 119 169 218 
90 9:3 01.5 115.5 m 112 
.--- ---- ---- ---- --- ---83 85 1M _09 ~96 97.5 
81 
---- ----
---. 94.5 
----
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.. --. 
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Ca) Side view 
(b) Front view 
Figure 1.- Side and front views of surface jet 
test apparatus. 
Figure 3.- Surface jet nozzles A, B, and C. 
(Right to left.) 
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z 
~ () 
~ 
~ 
z 
z 
o 
...... 
o 
--l 
o 
>zJ 
.... 
OQ 
. 
N 
I 
NACA TN No. 1070 
Apparent 
" jet origin 
W fi 
1.0 
( 
.8 ( 
.6 
.4 
.2 
o 
1 
0 Station 1 
+ II 2 
x II 3 
0 II 4 
~ 
,\:l 
'\ 
\.- - - -- - Repr'oduced from figure 
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Figure 4.- Typical set of velocity profile data compared 
with nondimensional velocity profile curve of 
reference 1. 
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Figure 5.- Surf&ce jet configuration. 
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